Mechanical cues are sensed and transduced by cell adhesion complexes to regulate diverse cell behaviors. Extracellular matrix (ECM) rigidity sensing by integrin adhesions has been well studied, but rigidity sensing by cadherins during cell adhesion is largely unexplored. Using mechanically tunable polyacrylamide (PA) gels functionalized with the extracellular domain of E-cadherin (Ecad-Fc), we showed that E-cadherin-dependent epithelial cell adhesion was sensitive to changes in PA gel elastic modulus that produced striking differences in cell morphology, actin organization, and membrane dynamics. Traction force microscopy (TFM) revealed that cells produced the greatest tractions at the cell periphery, where distinct types of actin-based membrane protrusions formed. Cells responded to substrate rigidity by reorganizing the distribution and size of hightraction-stress regions at the cell periphery. Differences in adhesion and protrusion dynamics were mediated by balancing the activities of specific signaling molecules. Cell adhesion to a 30-kPa Ecad-Fc PA gel required Cdc42-and formin-dependent filopodia formation, whereas adhesion to a 60-kPa Ecad-Fc PA gel induced Arp2/3-dependent lamellipodial protrusions. A quantitative 3D cell-cell adhesion assay and live cell imaging of cell-cell contact formation revealed that inhibition of Cdc42, formin, and Arp2/3 activities blocked the initiation, but not the maintenance of established cell-cell adhesions. These results indicate that the same signaling molecules activated by E-cadherin rigidity sensing on PA gels contribute to actin organization and membrane dynamics during cell-cell adhesion. We hypothesize that a transition in the stiffness of E-cadherin homotypic interactions regulates actin and membrane dynamics during initial stages of cellcell adhesion.
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E-cadherin | rigidity | formins | Cdc42 | actin dynamics C ell adhesion is essential for tissue structure and function. Cells use specialized types of adhesions to interact with the surrounding environment, including integrin-based focal adhesions at cell-extracellular matrix (cell-ECM) contacts and cadherin-based adhesions at cell-cell contacts (1) . Integrins bind to the ECM and intracellular proteins that link to the actin cytoskeleton and important signaling pathways (2) . Similarly, cadherins regulate cellcell recognition and adhesion (3) and, through cytoplasmic adaptor proteins (catenins, vinculin) (4, 5) , also link to the actin cytoskeleton and other proteins with signaling and scaffolding functions (6) .
Initiation of cell-cell adhesion requires significant reorganization of the actin cytoskeleton and is tightly controlled by the activities of actin nucleating proteins and Rho GTPases. Adhesion is initiated when filopodia from opposing cells come into contact with one another (7, 8) , and this process is regulated by Cdc42 activity (9, 10) and formin-dependent actin polymerization (11) (12) (13) (14) . Intermediate stages of cell-cell contact formation involve lateral expansion of the contact by Rac1-induced and Arp2/3-dependent lamellipodial activity (15, 16) . Finally, compaction of cell-cell adhesion is driven by RhoA-induced actomyosin contraction at the distal edges of the contact (15) .
Cell adhesion is also regulated by mechanical cues. This has been studied extensively in the context of cellular responses to increased ECM rigidity, which showed that integrin adhesions grow in size and are strengthened by local assembly of the actin cytoskeleton and activation of actomyosin contraction (17) (18) (19) . These mechanical cues have physiological consequences, as ECM rigidity influences stem cell fate and cell differentiation (20) . Cadherins are also mechanosensitive proteins (21, 22 ). E-cadherin is under constitutive tension at cell-cell junctions and dynamically responds to changes in tension (23) . Cellular responses to exogenous tension applied directly to cadherins using functionalized beads have been studied extensively (22, 24, 25) . However, few studies have investigated how cadherins sense and respond to changes in rigidity of cell-cell interactions. Using N-cadherin-functionalized substrates, a previous study showed that N-cadherin adhesions in C2 myogenic cells grew in size and exerted greater traction forces in response to increased substrate rigidity (21) . However, it remains unknown whether such cellular responses to 2D substrate rigidity involve different actin nucleating proteins and Rho GTPases or correlate with stages of native cell-cell adhesions.
Here, we investigated how cells responded to changes in substrate rigidity at E-cadherin homotypic interactions within the physiological range of elastic moduli found in vivo. Using mechanically tuned polyacrylamide (PA) gels functionalized with the extracellular domain of E-cadherin (Ecad-Fc), we found significant differences in the morphology and membrane dynamics of Madin-Darby canine kidney (MDCK) epithelial cells in response to a change in Ecad-Fc PA gel elastic modulus . In contrast, there were relatively minor alterations in the morphology and adhesion dynamics of cells adhered to 30-kPa and 60-kPa PA gels functionalized with collagen I. Traction force microscopy (TFM) showed that the distinct cell morphology and protrusion dynamics on 30-kPa and 60-kPa Ecad-Fc PA gels corresponded to
Significance
Mechanical cues, such as changes in rigidity (resistance to deformation) of the surrounding microenvironment, regulate cell behaviors. Integrin-based rigidity sensing has been examined extensively, but studies investigating cadherin-based rigidity sensing at cell-cell contacts are lacking. Our study provides insight into mechanisms underlying E-cadherin-dependent rigidity sensing. We demonstrate that E-cadherin adhesions are acutely sensitive to a change in the rigidity of polyacrylamide (PA) gels functionalized with the extracellular domain of E-cadherin (Ecad-Fc) and that actin nucleating proteins and Rho GTPases activated upon cell adhesion to Ecad-Fc PA gels are also required for early stages in cell-cell adhesion. We hypothesize that E-cadherin rigidity sensing facilitates the transition from initial cell-cell adhesion to more stable contacts.
differences in PA substrate strain and the distribution of hightraction-stress regions at the cell periphery. We showed that there is a delicate balance of different actin nucleating proteins and Rho GTPase activities required for these cellular responses to changes in E-cadherin substrate modulus, which also correlated with their roles in different stages of native cell-cell adhesion. These results indicate that E-cadherin-dependent rigidity sensing and local signal transduction contribute to initial cell-cell contact formation.
Results
We prepared PA gels of different elastic moduli functionalized with either the ECM protein collagen I or the correctly oriented extracellular domain of E-cadherin fused at the C terminus with human Fc (Ecad-Fc) (26) ; these proteins were covalently linked to the surface of the PA gel with the protein-substrate linker sulfo-SANPAH. Substrates immobilized with Ecad-Fc mimic cell-cell interactions, and cellular E-cadherin protein dynamics at the Ecad-Fc interface are similar to those found at endogenous cellcell junctions (27, 28) . Saturating amounts of Ecad-Fc were bound to substrates to ensure maximum engagement of E-cadherin in adhering cells (23) .
The stiffness of epithelial cell-cell contacts in vivo is unknown and reported elastic moduli of living cells vary widely. Some studies have indicated that the elastic modulus of the cell cortex is ∼1-5 kPa (29), but Ecad-Fc PA gels of ∼1 kPa and 9 kPa did not support MDCK cell adhesion or spreading ( Fig. S1 and Table S1 ). Other work indicated that the elastic modulus of an MDCK cell monolayer is 33 kPa (30); this was derived by microscale indentation of multicellular groups with cell-cell contacts, which may be more relevant when considering the stiffness at cell-cell contacts. Therefore, we chose elastic moduli of ∼30 kPa and 60 kPa for this study, as these values are within the physiological range of tissues in vivo (0.1-100 kPa) (31, 32) , are similar to values previously reported for an MDCK cell monolayer (∼33 kPa), and support MDCK adhesion and spreading (Fig. 1) . Mechanically tunable PA gels were made by adjusting the total polymer content (%T) and cross-linker concentration (%C) in solution (33) . The elastic moduli of the two gel formulations used in this study were verified by atomic force microscopy (AFM): 10%T, 1%C, 27.5-31.8 kPa (median: 29.07 kPa) and 10%T, 2.5% C, 52.6-67.2 kPa (median: 57.34 kPa) (Table S1 ). We also prepared glass coverslips (with an elastic modulus of ∼100 GPa) coated with Ecad-Fc, which have been used in most other studies (34) (35) (36) (37) .
Ecad-Fc binding on the surface of the gels was quantified with SYPRO Ruby red protein stain. Whereas saturating amounts of E-cadherin were used to ensure maximal E-cadherin binding, more Ecad-Fc bound to the surface of 60-kPa PA gels compared with that to the surface of 30-kPa PA gels (Fig. S2A) . The percentage of cells that attached to Ecad-Fc gels increased with increasing substrate modulus, ranging from 57% to 83% (Fig. S2B) . To test the specificity of cell adhesion to Ecad-Fc substrates, we used three controls: (i) Substrates functionalized with BSA did not support cell adhesion (4-15% of cells adhered) and blocked cell spreading (Fig. S2B) ; (ii) blocking Ecad-Fc adhesion with an E-cadherin function-blocking antibody (rr-1) (38) inhibited cell adhesion to Ecad-Fc substrates (<5% of cells adhered), and the few cells that attached remained rounded and did not spread (Fig. S2B) ; and (iii) to test whether secreted ECM proteins facilitated cell adhesion to Ecad-Fc PA gels, cells were fixed and stained for the integrinbased focal adhesion protein paxillin. Paxillin staining in cells attached to and spread on Ecad-Fc PA gels was diffuse throughout the cytoplasm and focal adhesion-like clusters were not detected (Fig. S2C) ; in contrast, cells attached to collagen-functionalized gels showed a clear enrichment of paxillin at focal adhesions around the cell periphery (Fig. S2C ). Taken together, we conclude that MDCK cell adhesion to Ecad-Fc PA gels involves specific engagement of cellular E-cadherin with Ecad-Fc to promote cell attachment and spreading.
To assess the effects of substrate rigidity on cell morphology and adhesion organization, single MDCK cells were plated on collagen-I-or Ecad-Fc-functionalized 30-kPa or 60-kPa PA gels or glass coverslips. MDCK cells were chosen for this study because cell-cell adhesion dynamics in these cells have been extensively studied and are well defined (7, 15) , and single cells were examined to avoid competition with native cell-cell adhesions in larger . (E) Confocal images of MDCK cells stably expressing E-cadherin:dsRed fixed and stained for F-actin (phalloidin) on Ecad-Fc-functionalized substrates of different moduli. (E, Right) Dotted box in each image is merged and expanded (F-actin, green; E-cadherin:dsRed, red). (Scale bar, 10 μm.) (F-H) Quantification of morphological features, including cell spread area (F), aspect ratio (G), and circularity (H). Cumulative data from three independent experiments are represented in a dot plot, where each dot represents one cell. The solid black line indicates the median and upper and lower bars represent the interquartile range (n > 115 cells per condition). Statistics were determined using a Kruskal-Wallis test with Dunn's posttest for multiple comparisons, **P < 0.001, ***P < 0.0002, ****P < 0.0001. Noncumulative averages and statistics for the three independent experiments presented in B-D and F-H are listed in Table S2. cell aggregates. Five hours after plating, cells were fixed and processed for immunofluorescence microscopy.
First, we examined cells adhered to collagen-I-coated substrates by imaging phalloidin to mark F-actin, and paxillin to mark integrin-based focal adhesions (Fig. 1A) . Regardless of substrate modulus (ECM rigidity), all cells were flat and circular with a circumferential ring of F-actin and paxillin foci just beyond the Factin belt and around the cell periphery (Fig. 1A) . The size of paxillin-positive focal adhesions appeared to increase as the ECM rigidity increased. Quantification of morphological features of cells revealed that the cell area increased with increased ECM rigidity (Fig. 1B and Table S2 ), in agreement with previous studies (17, 39, 40) . There were also relatively small, but statistically significant changes in the aspect ratio and circularity of cells with changes in ECM rigidity ( Fig. 1 C and D and Table S2 ).
Next, we examined MDCK cells stably expressing E-cadherin: dsRed adhered to Ecad-Fc substrates of different moduli; the total level of E-cadherin expression in these cells was similar to that in control MDCK cells (Fig. S2D) . Confocal imaging of cells 5 h after plating revealed that cell spread area and morphology differed significantly between cells adhered to Ecad-Fc substrates of different rigidity ( Fig. 1 E-H) . On Ecad-Fc-functionalized glass, cells were very flat and round, with large focal adhesion-like cadherin plaques at the end of thick radial F-actin bundles around the periphery (Fig. 1E ), similar to observations in previous studies (34) (35) (36) (37) . These prominent F-actin and E-cadherin structures were very different from the organization of these proteins in cells adhered to Ecad-Fc PA gels. On a 30-kPa Ecad-Fc PA gel, cells appeared to have very few F-actin bundles, and E-cadherin was generally diffuse with weak staining in small protrusions at either end of the cell (Fig.  1E) . Cells adhered to a 60-kPa Ecad-Fc PA gel had a few small Factin bundles and an enrichment of F-actin at the edge of broad protrusions, whereas E-cadherin was generally diffuse and did not appear to be organized into prominent puncta or plaques (Fig. 1E) .
In contrast to cells adhered to collagen-I substrates, cell morphologies were very different, depending on the Ecad-Fc substrate rigidity. Cells adhered to a 30-kPa Ecad-Fc PA gel were narrow and elongated with a large, flat membrane lamellipodium with small, thin membrane protrusions at either end of the cell body ( Fig. 1F and Table S2 ). Cells adhered to a 60-kPa Ecad-Fc PA gel were generally flatter and more circular, with a larger spread area and many broad, lamellipodia-like protrusions (Fig. 1F) . Finally, cells adhering to Ecad-Fc-functionalized glass had the largest spread area and few protrusions beyond the prominent cortical F-actin ring ( Fig. 1F and Table S2 ). Cell spreading on 30-kPa and 60-kPa Ecad-Fc PA gels and Ecad-Fc-functionalized glass was similarly dependent on myosin II, as treatment with ML-7 resulted in a 30% decrease in spread area but did not result in complete rounding of cells (Fig. S3) . The elongated cell morphology on a 30-kPa Ecad-Fc gel had a significantly higher aspect ratio than that of cells adhered to a 60-kPa Ecad-Fc PA gel or glass ( Fig. 1G and Table S2 ); as expected, there were corresponding increases in cell circularity with increasing Ecad-Fc rigidity ( Fig. 1H and Table S2 ). Together, these results indicate that increasing the ECM (collagen) rigidity had relatively small effects on overall cell morphology or the organization of F-actin and adhesive structures. In contrast, increasing the Ecad-Fc substrate rigidity significantly affected cell morphology and the organization of F-actin and E-cadherin.
A caveat to this conclusion is that more Ecad-Fc ligand bound to the surface of the 60-kPa PA gel compared with a 30-kPa PA gel (Fig. S2A) , and thus differences in cell morphology might be due to differences in ligand density, rather than gel modulus. Previous studies demonstrated that protein tethering to the surface of PA gels can be modulated by varying the concentration of the substrate-protein cross-linker sulfo-SANPAH (SS) (41) . Therefore, a range of SS concentrations (0.5-2.0 mg/mL) were used to functionalize a 60-kPa PA gel, and Ecad-Fc ligand binding was measured using an anti-E-cadherin antibody (Fig. S4A) . This allowed us to establish 60-kPa PA gel conditions in which Ecad-Fc ligand density was equal to (1.4 mg/mL SS) or lower than that of a 30-kPa gel (0.5 mg/mL and 1.0 mg/mL SS) ( Fig. S4 A and B) . We measured levels of cellular E-cadherin fluorescence at the cell-substrate interface on 30-kPa PA gels and 60-kPa PA gels with different levels of Ecad-Fc ligand density. Whereas there was a slight trend in lower levels of cellular E-cadherin fluorescence with lower Ecad-Fc ligand density ( Fig. S4 C and D) , the difference in cellular E-cadherin levels between all 30-kPa and 60-kPa Ecad-Fc PA gels was not statistically significant. Importantly, the amount of cell spreading and overall morphology on a 60-kPa PA gel did not change as a result of decreasing Ecad-Fc ligand density, and cells adhered to different 60-kPa PA gel Ecad-Fc ligand densities had a spread area and morphology that were statistically different from those of cells adhered to a 30-kPa gel (Fig. S4 E-G) . These data indicate that differences in cell spreading and morphology on 30-kPa and 60-kPa Ecad-Fc PA gels are due to substrate rigidity and not differences in Ecad-Fc ligand density, and that the similar levels of cellular E-cadherin on these Ecad-Fc substrates likely reflect saturated binding over this range of ligand densities.
Given the striking difference in cell spreading and plasma membrane protrusions between Ecad-Fc-functionalized 30-kPa and 60-kPa PA gels (Fig. 1E ), we measured plasma membrane dynamics in MDCK cells expressing GFP-LifeAct. Cells adhered to a 30-kPa Ecad-Fc PA gel had a large, flat, and rather stable membrane lamellipodium at both ends of the elongated cell body, from which dynamic filopodia-like extensions rapidly extended and Results are represented in a box and whisker format, in which the ends of the box mark the upper and lower quartiles, the horizontal line in the box represents the median, and whiskers outside the box extend to the highest and lowest value within the 1.5× interquartile range. Statistics were determined using a Kruskal-Wallis test with Dunn's posttest for multiple comparisons, *P < 0.05, ***P < 0.0002, ****P < 0.0001. retracted ( Fig. 2A and Movie S1); few, if any, lamellipodia or filopodia were detected along the sides of these elongated cells. In contrast, cells adhered to a 60-kPa Ecad-Fc PA gel had large, dynamic lamellipodia that ruffled around the entire cell periphery ( Fig. 2A and Movie S2); few filopodia were detected in these cells, compared with cells on a 30-kPa Ecad-Fc PA gel. Cells adhered to Ecad-Fc-functionalized glass were flat and circular, and the plasma membrane at the periphery was relatively undynamic and extended very few protrusions ( Fig. 2A and Movie S3). Kymograph analysis of live cell images (Fig. 2B) showed that the number (Fig. 2C) and velocity ( Fig. 2D ) of membrane protrusions decreased in cells adhered to Ecad-Fc substrates of increasing rigidities; in general, cells adhered to 30-kPa and glass Ecad-Fc substrates extended shorter and less persistent protrusions, compared with cells adhered to the 60-kPa PA gel (Fig. 2 E and F) .
Next, we sought to determine whether differences in protrusion dynamics were mediated by differences in clustering of cellular E-cadherin. MDCK cells stably expressing E-cadherin:dsRed plated on Ecad-Fc gels were fixed and processed for structured illumination microscopy (SIM) 5 h after seeding. Similar to confocal image analysis (Fig. 1E) , SIM analysis showed that E-cadherin localization on 30-kPa and 60-kPa Ecad-Fc PA gels was generally diffuse throughout the cell body and at membrane protrusions, but at higher resolution with SIM, small puncta were now visible (Fig.  3A) . The level of E-cadherin in and the size of these puncta were similar in cells on 30-kPa and 60-kPa Ecad-Fc PA gels ( Fig. 3 B and C). Because Ecad-Fc ligand density on the surface of the gel could contribute to E-cadherin clustering, we also measured E-cadherin puncta on 30-kPa and 60-kPa PA gels with matched Ecad-Fc ligand density and found little or no difference in puncta density and size ( Fig. S4 H-J). In contrast, focal adhesion-like E-cadherin plaques were present around the periphery of cells on Ecad-Fc-functionalized glass, and the level of E-cadherin and size of these clusters were significantly greater than the small E-cadherin puncta on 30-kPa and 60-kPa Ecad-Fc PA gels ( Fig. 3 B and C) . These data indicate that differences in E-cadherin organization and clustering are not responsible for the differences in cell shape or membrane protrusion dynamics on 30-kPa and 60-kPa Ecad-Fc PA gels.
To test the possibility that differences in substrate deformation and traction stress on 30-kPa and 60-kPa Ecad-Fc PA gels may contribute to differences in protrusion dynamics, we performed TFM by tracking the displacement of fluorescent beads embedded in Ecad-Fc PA gels (42) . Heat maps of traction stress magnitude in cells on 30-kPa and 60-kPa Ecad-Fc PA gels showed that regions of highest stress were located at the cell periphery, where membrane protrusions were found. Cells with elongated morphologies on 30-kPa Ecad-Fc PA gels produced regions with the greatest stress only at either end of the cell, whereas cells on 60-kPa Ecad-Fc PA gels had the high-stress regions distributed all around the periphery (Fig. 3D) . As a result, the distribution of high-traction-stress regions differed in cells on 30-kPa and 60-kPa Ecad-Fc PA gels. Cells produced fewer regions of high stress on 30-kPa Ecad-Fc PA gels but these regions were larger in area. Cells generally produced a greater number of high-stress regions on 60-kPa Ecad-Fc PA gels, but these regions were smaller in area (Fig. 3D ). The mean traction stress magnitude within the cell boundary was remarkably similar on 30-kPa and 60-kPa Ecad-Fc PA gels and differences were not statistically significant (Fig. 3E ). However, we measured a significantly larger substrate strain (using mean bead displacement, Fig.  3F ) within cell boundaries on 30-kPa PA gels than on 60-kPa PA gels. Taken together, these data indicate that high-stress regions are located at the cell periphery near membrane protrusions, and Statistics were determined using a Mann-Whitney test. ***P = 0.0005. the localized areas of high traction stress and strain exerted by cells on the substrate are greater in cells adhering to 30-kPa than to 60-kPa Ecad-Fc PA gels.
We hypothesized that differences in cadherin rigidity sensing on 30-kPa and 60-kPa Ecad-Fc PA gels involved the activation of different signaling pathways that regulate actin dynamics and contribute to cell shape and membrane protrusion dynamics. We could not use siRNA knockdown of protein expression or dominantnegative mutants, as constitutive knockdown or inhibition of proteins of interest is known to affect cell-cell adhesion and thus would disrupt initial cell attachment and spreading on PA gel substrates. Therefore, we used small molecule inhibitors that could be added and then washed out at specific times after cell attachment; target protein disruption by a given inhibitor was validated by immunofluorescence microscopy (formins, Arp2/3) or activity pull-down assays (Cdc42, Rac1) (Fig. S5) .
First, we sought to determine whether differences in actin dynamics were mediated by distinct actin nucleating proteins. MDCK cells stably expressing E-cadherin:dsRed were plated on a 30-kPa or 60-kPa Ecad-Fc PA gel and imaged by fluorescence microscopy and differential interference contrast (DIC) microscopy. Cells adhered to Ecad-Fc-functionalized glass were not examined in this assay because they appeared to be relatively undynamic and extended very few actin-based protrusions ( Fig. 2 and Movie S3). DIC ( Fig. S6 ) and fluorescence images (Fig. 4) were collected for 15 min, and baseline protrusive area and plasma membrane activity were measured from fluorescence images; DIC contrast was poor due to light interference from the PA gel. Small molecule inhibitors were added to inhibit formins (20 μM SMIFH2) and Arp2/3 (100 μM CK666) activity. These concentrations have been shown previously to disrupt formin and Arp2/3 activities in MDCK cells without inducing cytotoxic or off-target effects (14, (43) (44) (45) . Importantly, the effects of these inhibitor concentrations are reversible so that recovery of normal function can be monitored. Small molecule inhibitors were added, cells were imaged for 60 min, and then the inhibitor was washed out and imaging was continued for a further 60 min.
Formins induce the polymerization of long, parallel actin filament bundles found in filopodia (46, 47) that are similar to the dynamic plasma membrane protrusions observed in cells adhered to a 30-kPa Ecad-Fc PA gel (Fig. 2A) . Addition of the pan-formin inhibitor SMIFH2 disrupted formin localization (Fig. S5A) and caused cells on a 30-kPa Ecad-Fc PA gel to rapidly lose adhesion to the substrate and round up; after SMIFH2 washout, the cells regained an elongated shape and reextended a large, flat plasma membrane lamellipodium with filopodia-like protrusions at both ends of the cell (Fig. 4A and Movie S4). Addition of SMIFH2 to cells adhered to a 60-kPa Ecad-Fc PA gel resulted in a smaller decrease in spread area and a reduction in the size of protrusions extending from the cell body; however, cells remained well spread on this substrate compared with complete cell rounding on the 30-kPa PA gel in the presence of SMIFH2 (Fig. 4A and Movie S5). Washout of SMIFH2 resulted in cell respreading on the 60-kPa Ecad-Fc PA gel concomitant with the reappearance of large lamellipodia around the cell periphery (Fig. 4A ).
Next, we tested the role of Arp2/3, which nucleates branched actin networks commonly found in lamellipodia (48, 49) that are similar to plasma membrane protrusions observed in cells adhered to a 60-kPa Ecad-Fc PA gel (Fig. 2A) . The small molecule inhibitor CK666 disrupted Arp2/3 localization (Fig. S5B ) and decreased plasma membrane protrusive area and activity in cells adhered to a 30-kPa Ecad-Fc PA gel, although cells did not lose adhesion to the same extent as they did in the presence of SMIFH2. Inhibitor washout resulted in the reextension of protrusions at the distal ends of the elongated cell body ( Fig. 4B and Movie S6). Inhibition of Arp2/3 in cells adhered to a 60-kPa Ecad-Fc PA gel resulted in a decrease in the cell spread area and retraction of large lamellipodia; washout of CK666 resulted in cell respreading concomitant with the reappearance of large lamellipodia ( Fig. 4B and Movie S7).
Overall, these results indicate that formins are required for cell adhesion, spreading, and membrane protrusive activity on a 30-kPa Ecad-Fc PA gel. Formins do not appear to be required for cell adhesion to a 60-kPa Ecad-Fc PA gel, but contribute to cell spreading and protrusive area. Arp2/3 activity does not appear to be required for cell adhesion to either a 30-kPa or a 60-kPa Ecad-Fc PA gel, but contributes to the cell spread area and formation of lamellipodia independent of substrate rigidity.
We next examined the role of Rho GTPases as downstream transducers of E-cadherin rigidity sensing and regulators of actinbased membrane protrusion dynamics. We focused on Cdc42 activity, which is largely associated with filopodia formation (and early stages of cell-cell adhesion) (7, 9, 10) , and Rac1 activity, which is associated with lamellipodial activity (and intermediate stages of cell-cell adhesion) (15, 16, 50) . We did not investigate the role of RhoA because its activity is important in late stages of cell-cell adhesion and compaction (15) .
Addition of 20 μM ML141, a small molecule inhibitor of Cdc42 activity (51, 52) , resulted in a 65% decrease in Cdc42 activity (Fig. S5C ) and a significant decrease in cell protrusive area and spreading on a 30-kPa Ecad-Fc PA gel; washout of ML141 resulted in the reestablishment of an elongated cell shape and the reappearance of large, flat lamellipodia with filopodia-like protrusions at both ends of the cell (Fig. 4C and Movie S8). In contrast, Cdc42 inhibition appeared to have little or no effect on cells adhered to a 60-kPa Ecad-Fc PA gel ( Fig. 4C and Movie S9). We next tested the role of Rac1 activity, using the small molecule inhibitor NSC23766 (100 μM), which was shown previously to inhibit Rac activity in MDCK cells (53, 54) and resulted in a 63% reduction of Rac activity (Fig. S5D ). We observed little or no effect of NSC23766 on cell adhesion or protrusive area on a 30-kPa Ecad-Fc PA gel ( Fig. 4D and Movie S10) and only a modest decrease in cell protrusive area on a 60-kPa Ecad-Fc PA gel ( Fig. 4D and Movie S11). Taken together, we conclude that different Rho GTPases contribute to membrane dynamics and cell spreading/adhesion on Ecad-Fc gels of specific moduli: Cdc42, but not Rac1 activity is required for cell adhesion and spreading on a 30-kPa Ecad-Fc PA gel; Rac1, but not Cdc42 activity plays a modest role in cell spreading on a 60-kPa Ecad-Fc PA gel.
For comparison, we also tested whether formin, Arp2/3, Cdc42, or Rac1 activities were required for cell adhesion and spreading on 30-kPa or 60-kPa collagen-I (ECM) PA gels. Significantly, addition of SMIFH2, CK666, ML141, or NSC23766 reduced the protrusion area of cells on both 30-kPa and 60-kPa collagen-I PA gels to a similar extent (Fig. S7) , indicating that all of these activities are required for integrin-based cell adhesions regardless of ECM rigidity.
To substantiate our signal transduction results in a more biologically relevant system, we extended our reductionist approach of single-cell adhesion on Ecad-Fc PA gels to native cell-cell adhesion between MDCK cells in 2D and 3D. We first measured cadherinbased cell-cell adhesion, using a hanging-drop assay, in which MDCK cells form large, 3D aggregates in a Ca 2+ - (Fig. S8 ) and cadherin-dependent manner (55) in suspension in the absence of integrin-dependent ECM adhesion or cell migration (Fig. 5) . Inhibitors of formin, Arp2/3, Cdc42, or Rac1 activity were added to a suspension of single cells, and cell aggregate formation was quantified for up to 5 h, when large 100+ cell aggregates had formed in the control (DMSO). Addition of CK666 or NSC23766 had little or no effect on the kinetics of cell aggregation compared with the control (Fig. 5) . In contrast, ∼75% of cell aggregates in the presence of SMIFH2 and 90% of cell aggregates in the presence of ML141 comprised less than 20 cells after 5 h (Fig. 5) . These results indicate that Cdc42 and formins, but not Rac1 or Arp2/3 activities are required for initial cell-cell adhesion.
To examine the formation of individual cell-cell adhesions in detail, we used live cell imaging of initial adhesion between pairs of MDCK cells stably expressing E-cadherin:dsRed. MDCK cell-cell contact was initiated when filopodia from opposing cells came into contact with one another (Fig. 6 , DMSO) (7). The contact between cells then spread laterally by lamellipodial protrusions that increased membrane interactions between neighboring cells along the expanding cell-cell contact until compaction (Fig. 6, DMSO) (15) . As cells initiated contacts, SMIFH2, CK666, ML141, or NSC23766 was added to the media and the expansion of the cell-cell contact was imaged for 90 min, and then the inhibitor was washed out and imaging continued for an additional 90 min (Fig. 6A, images) . The rate of cell-cell contact expansion 15 min before, during, and after inhibitor addition was measured from time-lapse movies and plotted; note that the rate of contact expansion in the control (DMSO) is replotted for comparison with each inhibitor (Fig. 6B,  bar graphs) .
The contact expansion rate before inhibitor addition varied slightly across conditions, depending on the time at which initial contact between pairs of cells was established during the 15-min interval before inhibitor addition (Fig. 6B, "Pre-" ). However, once contact was established, the rate of contact expansion was the same in all conditions. In the presence of the formin inhibitor SMIFH2, existing cell-cell adhesions that had formed before the addition of the inhibitor remained, but did not grow in length; however, when the inhibitor was washed out, contact expansion resumed at a rate similar to the control (DMSO) (Fig. 6 A and B) . Treatment with CK666 or ML141 also reduced the rate of initial contact expansion, which was reversed upon inhibitor washout (Fig. 6 A and B) . Addition of NSC23766 had little or no effect on any stage in early cell-cell adhesion (Fig. 6 A and B) . We also measured the center of mass motion during cell-cell adhesion (Fig. S9 ). Although we detected a decrease in the center of mass motion in the presence of any of the inhibitors, the effect was similar for all inhibitors, suggesting that changes in cell contact expansion rate were not directly due a migration defect but likely involved other activities such as changes in membrane protrusion dynamics.
Cdc42 and formins appeared to be required for the initial, but not later stages of cell-cell adhesion, as indicated by live-cell imaging (Fig. 6 ) and cell aggregation in 3D (Fig. 5) . If this was the case, we predicted that addition of Cdc42 or formin inhibitors to the 3D cell adhesion assay when intermediate-sized cell aggregates had formed would inhibit further cell aggregation, but not affect existing (mature) adhesions. Cells were allowed to form intermediate-sized aggregates for 3 h in 3D, at which time actin and Rho GTPase inhibitors were added for 2 h (Fig. 7) . Cells treated with CK666 or NSC23766 continued to form large aggregates at rates similar to the DMSO control. In contrast, addition of SMIFH2 or ML141 blocked further enlargement of the aggregates beyond the size achieved at 3 h. These results indicate that initiation of new cell-cell interactions requires Cdc42 and formin activities, whereas the maintenance of mature adhesions does not.
Discussion
The effects of ECM rigidity on integrin-based cell adhesions have been studied extensively (20, 56, 57) , but comparable studies on cadherin-based cell-cell adhesion are lacking. This is due in part to the difficulty in gaining direct access to cadherin-cadherin interactions to measure their stiffness and contribution to the rigidity Bar graphs for the expansion rate for cell-cell adhesion for each condition during pretreatment, addition of the inhibitor, and washout period, normalized to the rate in the DMSO control for each time point (value of 1). Statistics were performed using a Student's t test. *P < 0.05, **P < 0.001, ***P < 0.0001.
sensed by adhering cells. Previous work showed that cells adhering to a more rigid (95-kPa) N-cadherin-coated PA gel were flat and well spread with large N-cadherin adhesion plaques (21) , similar to cells adhered to Ecad-Fc-coated glass coverslips (∼100 GPa) (Fig. 1E) (34-37) . In contrast, cells adhered to a softer (10-kPa) N-cadherin-coated PA gel had a reduced spread area and smaller N-cadherin adhesions (21), similar to small E-cadherin clusters in cells adhering to 2D-supported membranes functionalized with the E-cadherin extracellular domain (58), 30-kPa and 60-kPa Ecad-Fc PA gels (Figs. 1E and 3A) , and native cell-cell junctions (59). We could not measure adhesion to 9-kPa PA gels functionalized with Ecad-Fc as MDCK cells attached poorly and did not spread ( Fig. S1 and Table S1 ). This difference might be due to differences in cell type, cell adhesion to Ncad-Fc and Ecad-Fc, the PA gel formulations used, or the type of mechanical characterization used to derive the elastic modulus of the substrates (micro-vs. macroscale indentation). Nevertheless, these studies indicate that cell-cell adhesion is sensitive to the stiffness and/or mobility of cadherin-based homotypic interactions. However, the mechanisms underlying stiffness-dependent differences in cadherin adhesions and the relationship, if any, between those differences and native cell-cell adhesions were unknown. Our experimental design sought to address these knowledge gaps.
Our results showed that cell behavior and morphology appeared to be very sensitive to relatively small changes in Ecad-Fc substrate rigidity, whereas ECM rigidity sensing within the same range of elastic moduli did not result in significant differences in cell behavior or morphology. Furthermore, inhibition of actin nucleating proteins or Rho GTPases affected adhesion similarly on all ECM substrates regardless of substrate rigidity, whereas adhesion to Ecad-Fc gels of different moduli required the activity of different actin nucleating proteins and Rho GTPases.
Adhesion to Ecad-Fc substrates of different moduli, independent of ligand density, had a profound effect on cell morphology, membrane dynamics, and actin organization. These differences did not appear to be due to different cellular E-cadherin organization imaged by superresolution microscopy, which revealed that E-cadherin was organized into small puncta of similar size and density on 30-kPa and 60-kPa Ecad-Fc PA gels, independent of Ecad-Fc ligand density. E-cadherin puncta had an average area of 0.014 μm 2 , with an estimated diameter of 120-130 nm. This estimation approaches the spatial resolution limit of our microscope and, therefore, may overestimate the diameter of E-cadherin clusters. The size of these puncta is similar to that of E-cadherin clusters at cell-cell contacts in A431D cells (112 nm), but larger than that of E-cadherin clusters in EphA4 cells (60 nm) (60) . It is possible that E-cadherin cluster size differs in distinct cell types and at different stages of cell-cell adhesion (61), but additional studies at high resolution are required to track E-cadherin puncta size and organization over time.
TFM studies revealed nearly identical mean traction stress magnitude within cell boundaries on 30-kPa and 60-kPa Ecad-Fc PA gels (Fig. 3E) . The number and area of these high-stress regions differed in cells on 30-kPa or 60-kPa Ecad-Fc PA gels, but the mean traction stress within these regions was similar. Whereas it is not possible to perform SIM and TFM experiments simultaneously with our current experimental setup, we were able to extrapolate meaningful, comparative data from both. We calculated the average force per E-cadherin punctum within the high-stress regions based on the area and mean stress magnitude within high-stress regions from our TFM studies and the density of E-cadherin puncta from SIM. We estimated the same mean force of ∼2 pN per E-cadherin punctum in cells on both the 30-kPa and 60-kPa PA gels (comparing the median value of our calculations for both substrates). This estimate assumes that the E-cadherin density in regions of high traction stress is the same as those measured by SIM, although we do not know the number of "active" E-cadherin molecules bearing force within each punctum. Nevertheless, this result is consistent with previous work showing that E-cadherin molecular tension remains constant between pairs of cells, regardless of differences in cell shape, traction stress, or cell-cell force (62) .
We showed that differences in adhesion and cell spreading on Ecad-Fc PA gels required a delicate balance of distinct Rho GTPases (Table S3 ). Cdc42 activity is required for cell adhesion and spreading on a 30-kPa Ecad-Fc PA gel, but not on a more rigid 60-kPa Ecad-Fc PA gel (Fig. 4C) . Moreover, Cdc42 activity was required for the initiation of new cell-cell adhesions in 3D aggregates (Figs. 5 and 7) and contact expansion of initial contacts between pairs of cells (Fig. 6 ), but not for the maintenance of mature cell-cell adhesions in either assay (Figs. 6 and 7) . Previous studies of the role of E-cadherin engagement and Cdc42 activity have generated conflicting results (9, 10, 63, 64) but, based on our results, it is possible that these differences could be due to the mechanical properties of cell-cell adhesions in different cell types.
Rac1 inhibition had little or no effect on cells adhered to a 30-kPa Ecad-Fc PA gel and only a modest effect on cells adhered to a 60-kPa Ecad-Fc PA gel (Fig. 4D) . This was surprising, because studies have indicated that Rac1 is essential for cell-cell adhesion (10, 13, 15, 36) . However, Rac1 may play a role in maintaining cadherin adhesions at stiffer elastic moduli that may be representative of cell-cell adhesions that are more mature than those studied here.
Our results also revealed that the role of different actin nucleating protein activities is influenced by the rigidity of the Ecad-Fc substrate. In general, inhibition of formin or Arp2/3 activities caused more cell rounding (Fig. 4) than inhibition of actomyosin activity (Fig. S3) , indicating that maintenance of cell adhesion requires active actin and membrane dynamics and that myosindependent forces on stable actin structures may play a secondary role on these PA substrates. In particular, formin activity, which polymerizes long, parallel actin bundles found in filopodia (46, 47), appeared to be essential for cell adhesion and dynamic filopodialike protrusions on a 30-kPa Ecad-Fc PA gel, but not on a 60-kPa Ecad-Fc PA gel. These results are consistent with previous studies that demonstrated a role for the diaphanous formin mDia1 (11, 65, 66) and formin-like proteins FMNL2 and FMNL3 (12, 13) in the recruitment of actin and E-cadherin and the formation of filopodia at initial cell-cell contacts. At present, we do not know which formin(s) is (are) regulated by the stiffness of E-cadherin interactions. However, formin1 binds directly to the E-cadherin complex through α-catenin (67), and it is possible that forces at E-cadherin adhesions activate α-catenin binding to formins via force-dependent changes in α-catenin conformation (68), perhaps similar to that required for binding to F-actin (5) . In this context, FMNL3 recruitment to junctions is tension dependent and regulated by Cdc42 (14) . Our results indicate that the requirement for Cdc42 and formin activity becomes less important as substrate modulus increases, which could be related to the roles of mDia1 and FMNL3 in stabilizing early junctions and decreasing E-cadherin mobility (14) .
Inhibition of Arp2/3 affected cell adhesion on 30-kPa and 60-kPa Ecad-Fc PA gels (Fig. 4B) . In both cases, cells adhered to the substrate with lamellipodia, albeit with very different organizations-a large, flat membrane lamellipodium at either end of the cell body adhered to the 30-kPa PA gel, and large circular lamellipodia in flat, well-spread cells adhered to the 60-kPa Ecad-Fc PA gel. Arp2/3 inhibition in cells adhered to the 30-kPa Ecad-Fc PA gel could affect formin-dependent actin polymerization during filopodia initiation (69, 70) . Similarly, Arp2/3 inhibition disrupted native cell-cell contact formation between pairs of cells, which also required Cdc42 and formin activities (Fig. 6) . However, Arp2/3 inhibition did not affect formation of 3D cell aggregates in the hanging-drop assay (Figs. 5 and 7) . These apparently contradictory results could be due to differences in E-cadherin adhesion in 2D vs. 3D. In 3D suspension, cells are rounded and aggregate by minimally spreading on neighboring cells, which would not necessarily require extensive Arp2/3-dependent lamellipodia activity (Figs. 5 and 7) . In contrast, cells in 2D are flat and spread out and migrate with protrusive lamellipodia to make contact with each other, where upon expansion of the cell-cell contact area by lamellipodia is required, which would require Arp2/3 activity (Fig. 6 ). In line with this idea, inhibition of Arp2/3 (as well as formins, Cdc42, and Rac) resulted in a reduction in center of mass motion during cell-cell contact expansion, suggesting decreased cell migration.
We do not know the stiffness of E-cadherin interactions during native cell-cell adhesion. However, insights can be extrapolated from our TFM results and a comparison of cell behaviors and the requirements of different Rho GTPases and actin nucleators in our reductionist assay using Ecad-Fc PA gels and our 2D and 3D native cell-cell adhesion assays. Our TFM data indicate that cells may sense and react to differences in effective E-cadherin stiffness by changing the distribution of traction stress and strain on the substrate. Cells adhered to a 30-kPa Ecad-Fc PA gel exerted a higher strain on the gel than cells adhered to a 60-kPa Ecad-Fc gel (Fig. 3F) , and high-traction-stress regions were often located at the distal edges of elongated cells on 30-kPa Ecad-Fc PA gels where dynamic filopodial protrusions originate (Fig. 3D) . Previous work has shown that fibroblasts extend filopodia as a rigidity-sensing mechanism and levels of strain on the resulting substrate influence cellular behavior (71) . Our data indicate that a similar mechanism may exist during cell-cell contact formation. We showed that Cdc42 and formin activities are the dominant signaling molecules that regulate cell adhesion on a 30-kPa Ecad-Fc PA gel during initial cell-cell adhesion in 2D and 3D. Therefore, it is possible that Cdc42-and formin-dependent actin polymerization supports high levels of strain exerted by opposing cells during early stages of cell-cell adhesion (8, 67) . During intermediate stages of cell-cell contact, when the area of the contact increases and E-cadherin is stabilized at the junction, strain and stress at the contact would redistribute as the contact expands (similar to the changes in stress distribution observed in 30-kPa and 60-kPa Ecad-Fc PA gels, Fig. 3D ). Our data indicate that this transition would result in a change in actin-based protrusions that are less dependent on formin and Cdc42 activities and more dependent on Arp2/3 actin polymerization and lamellipodia as the contact expands (15) . Taken together, we suggest that different stages of cell-cell adhesion may involve a transition in E-cadherin rigidity sensing at the contact that results in reorganization of stress between opposing cells and corresponding changes in the downstream signaling pathways involved in actin reorganization and plasma membrane dynamics. Direct evidence of this transition will need the development of methods to assay cell-cell adhesion stiffness directly.
Materials and Methods
Full materials and methods are available in SI Materials and Methods. Briefly, PA gels of varying elastic moduli were made by adjusting the amounts of acrylamide and bis-acrylamide in the prepolymer gel solution (33) . Gels were functionalized by UV activation of 0.5-2.0 mg/mL SS (72) and subsequent incubation with collagen I or protein A/G and Ecad-Fc. MDCK type II G cells (73) and MDCK type II G cells stably expressing E-cadherin:dsRed (74) were used in this study. MDCK cells expressing GFP-LifeAct were imaged 24 h after transfection. All inhibitors were diluted in DMSO and used at concentrations previously shown to inhibit activities without inducing cytotoxic or off-target effects in MDCK cells: 20 μM SMIFH2 (14) , 100 μM CK666 (45), 20 μM ML-141 (52), and 100 μM NSC-23766 (54) . Threedimensional hanging-drop assays used single-cell suspensions in droplets hanging from an inverted 35-mm Petri dish lid. Samples were triturated before fixation and 20 random images were collected for each time point. Image analysis was performed using ImageJ and statistical analyses were performed using a Student's t test, Mann-Whitney test, or Kruskal-Wallis test in GraphPad Prism Software. Generation and Preparation of Ecad-Fc. Ecad-Fc was purified from culture media of HEK 293 cells expressing canine Ecad-Fc as previously described (26) . Briefly, HEK293 cells were grown in DMEM with 10% FBS and 1% penicillin/streptomycin at 37°C. Two days priors to media collection, cells were switched to serumfree DMEM to remove serum IgG. Media were collected and filtered, and Ecad-Fc was purified over a protein-A column (ThermoPierce). The purity of the Ecad-Fc was confirmed by SDS/PAGE, and functionality was confirmed by calcium-dependent aggregation of Ecad-Fc-coated beads.
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Preparation and Functionalization of PA Gels. PA gels were prepared on coverslips or MatTek dishes treated with 3-(trimethoxysilyl)propyl methacrylate (bind silane; Sigma). Briefly, glass coverslips were incubated with a 0.3% bind silane solution for 5 min. The silane solution was removed, and the glass coverslips were washed with 95% ethanol three times and air dried. PA gel solutions were prepared using 0.5 g/mL acrylamide and 0.025 g/mL bis-acrylamide solutions. The modulus of the PA was tuned by varying the amount of bisacrylamide cross-linker and total acrylamide monomers (33) . For this study, we used four gel formulations: 3.1%T, 3.22%C; 5.1%T, 2.91%C; 10%T, 1%C; and 10%T, 2.5%C, where the total polymer content and cross-linker concentration are calculated as follows: Tðw=vÞ = acrylamideðgÞ + bis-acrylamideðgÞ × 100% Total volumeðmLÞ [S1] Cðw=wÞ = bis-acrylamideðgÞ acrylamideðgÞ + bis-acrylamideðgÞ × 100%.
[S2]
The gel precursor solution (acrylamide, bis-acrylamide, and water) was degassed in a vacuum desiccator for 1 h before gelation. To initiate gelation, 5 μL of 10% (wt/vol) ammonium persulfate (APS; Sigma-Aldrich) was added to ∼995 μL of gel precursor solution followed by 0.5 μL of N,N,N′,N′-Tetramethylethylenediamine accelerator (TEMED; Sigma-Aldrich). The solutions were mixed by gentle pipetting before dispersing on the activated coverslips. A total of 20 μL of gel precursor solution was pipetted onto the activated coverslip and a second coverslip was sandwiched on top of the droplet to disperse the polymerizing gel over the activated coverslip. Gels were left to polymerize at room temperature for 30 min. Afterward, the gels were flooded with 1× PBS, pH 7.4, and the top coverslip was gently lifted from the gel surface, using forceps. Gels were ∼70-80 μm in thickness, as measured by confocal microscopy. PA gels were functionalized by incubating with 2 mg/mL SS (ThermoFisher) (72) . For some experiments (Fig. S4) , lower concentrations of SS (0.5 mg/mL, 1.0 mg/mL, or 1.4 mg/mL) were used to adjust the level of Ecad-Fc binding on the surface of a 60-kPa PA gel. The gel was exposed to UV light to photoactivate the cross-linker and then quickly washed with PBS. For Ecad-Fc functionalization, the gels were incubated with 300 μg/mL protein A/G overnight at 4°C, followed by a 1-h incubation with 150 μg/mL Ecad-Fc (26) , and, after washing three times with PBS, the gel was blocked with 1% BSA for 30 min. For collagen-I functionalization, 150 μg/mL collagen I (BD Biosciences) was added to the gel after SS treatment. For Ecad-Fc blocking antibody experiments, gels were functionalized as described above. Following Ecad-Fc incubation, gels were incubated with 300 μg/mL Fc and blocked with an anti-E-cadherin function blocking antibody (rr-1, 1:50) for 1 h at room temperature before seeding cells.
Microscale Mechanical Characterization of Gel Stiffness. To characterize the Young's modulus of the PA gels used in this study, AFM indentation experiments were performed to generate force-distance curves, which were then analyzed using the Hertz elastic contact model (75) as described by Denisin and Pruitt (76) . AFM indentation experiments were performed within 24 h of polymerizing the hydrogels on a WITec AFM (alpha300) with gold-coated cantilevers (NanoWorld AG: Nanosensors, PPP-NCSTAuD-10). Cantilever stiffness was measured using thermomechanical noise of 8.48 N/m. After characterization, one 50-μm diameter bead (Duke Scientific; 9050) was attached to the tip of each probe, using UV epoxy glue (Loctite 352). Samples were incubated in 1× PBS within the AFM for at least 1.5 h to stabilize the system before obtaining measurements. Optical lever sensitivity measurements were performed before analyzing each gel sample by indenting the glass surface using the following parameters: feedback control with 0.5 V set point, 1% p-gain and 0.2% i-gain, and force-distance using 0.2 μm pull and 0.6 μm push at 0.2 μm/s speed. The gel surface was then approached with the following feedback threshold parameters: 0.5 V set point, 2% p-gain, and 0.2% i-gain. Forcedistance curve parameters were optimized to ensure that both zero load and ample indentation data were recorded. We performed at least 5 indentations in 5 different areas (at least 25 indentations per sample) for both gel formulations, using the following forcedistance parameters: 9 μm pull and 4 μm push at 3 μm/s speed.
Immunofluorescence, Antibodies, and Image Analysis. Cells were washed with PBS, fixed in 4% paraformaldehyde for 20 min, and permeabilized with 0.2% Triton X-100 in PBS for 2 min. Cells were blocked in 10% goat serum, incubated with primary antibodies for 1 h at room temperature, washed with PBS, incubated with fluorescently labeled secondary antibodies for 1 h at room temperature, and mounted on a coverslip with Immu-Mount (ThermoFisher). For phalloidin staining, Alexa-488 phalloidin (Invitrogen) was added to the secondary antibody solution and incubated with the cells for 1 h during secondary antibody incubation. The following primary antibodies were used: Arp2 (anti-p34-Arc/ARPC2; Millipore), formin1 (anti-FMN1; Novus Biologicals), and paxillin (anti-paxillin; BD Biosciences). All primary antibodies were used at a 1:100 dilution, and fluorescently labeled secondary antibodies were used at a 1:200 dilution. For confocal imaging and structured illumination microscopy experiments, PA gels on coverslips were mounted on a larger rectangular coverslip (24 × 50 mm, 1.5 mm thickness), using Immu-Mount mounting media (Thermo Scientific). Samples were inverted and imaged through the rectangular coverslip so that cells could be imaged from the top down, without having to image through the PA gel. Images were analyzed using ImageJ software.
Superresolution SIM. The samples were fixed, stained, and mounted as described in Immunofluorescence, Antibodies, and Image Analysis. SIM microscopy was performed using a DeltaVision OMX V4 BLAZE system (Applied Precision). The microscope was equipped with a 100×/1.42 N.A. U-PLANAPO SIM oil immersion objective (Olympus); 405-nm, 488-nm, 568-nm, and 642-nm lasers; and three EMCCD cameras. Samples were imaged using objective oil with a 1.512 refractive index. An electro-optical high-speed SI diffraction grating engine was used to generate SI patterns. Image stacks were composed of 15 images per plane (five phases and three angles). Serial sections spaced at a z distance of 0.125 μm were collected, spanning a total distance of 0.8-1.2 μm, depending on sample thickness. The resulting images were computationally reconstructed and color channels were aligned using the SoftWoRx 3.7 imaging software package (Applied Precision). Images shown are maximum projections of stacks. Quantification of E-cadherin puncta was performed in ImageJ, using thresholded images and the "Analyze particles" function.
TFM. MDCKs stably expressing E-cadherin:dsRed were plated on 30-kPa and 60-kPa Ecad-Fc PA gels 5 h before imaging in DMEM (without phenol red). Images of the fluorescent beads (fiducial markers) within the gel were acquired in the FITC channel while the cells were contracting the gel. The E-cadherin:dsRed channel was also imaged to determine the cell outline. Imaging was performed using a wide-field epifluorescence inverted microscope (Zeiss Observer Z1; Intelligent Imaging Innovations) fitted with a stage incubator (5% CO 2 in air, 37°C). Imaging was performed using a 63× (0.75 N.A.) oil objective, filter sets for dsRed (cell outline) and FITC (beads), an X-Cite 120 LED illumination source, and a Flash4 LT CMOS camera (Hammamatsu). We then applied 100 μL of concentrated trypsin-EDTA to detach cells and imaged the same stage positions to obtain a reference relaxed position of the fluorescent beads. Experiments were performed on three different occasions and imaged two samples per gel condition on each day.
Data processing was performed as previously described by Chang et al. (77) , using the ImageJ plugins developed by Tseng et al. (42) . First, lateral drift was corrected between contracted and relaxed cell frames, using the template matching and slice alignment plugin, and then the particle image velocimetry (PIV) plugin was applied to quantify bead displacements, using a cross-correlation algorithm with iterative window size of 64 pixels and 32 pixels to yield displacement vectors 16 pixels apart with a final resolution of 1.65 μm. A normalized median test (noise level of 0.2 and threshold of 5.0) was applied twice to filter and replace erroneous displacement vectors with the median value from nearby vectors (78) . The Fourier transform traction cytometry (FTTC) plugin was used to convert displacements into traction forces. The parameters used in the FTTC code included a pixel size of 0.103 μm, Poisson's ratio of 0.5, and elastic modulus of the gel used (29.07 kPa or 57.34 kPa).
The appropriate regularization factor λ needed to perform the Fourier transform in the FTTC code and smooth the final traction force reconstruction was determined using the methods described by Chang et al. (77) . The residual norm was analyzed as a function of λ rather than using the L-curve corner to determine λ because using the L-curve criterion yielded traction stress values that were unrealistically high, as also found by Schwarz et al. (79) . The methods by Schwarz et al. (79) were followed to apply the discrepancy principle to determine λ, setting the optimum λ by approximating the residual norm in absolute values using the χ 2 distribution, based on the degrees of freedom of the inverse problem and SD of measurement errors. Similar to the fibroblast cell samples examined by Chang et al. (76) , each of our samples also had a different distribution of cell force vectors, cell area, and total area. Thus, we calculated the "optimal" λ by discrepancy theorem for each of our samples, found the average optimal λ, and applied this to the processing of all of the samples: 1.3E-9 for ∼30-kPa gels and 6.6E-10 for ∼60-kPa gels.
The E-cadherin:dsRed signal was used to determine the cell outline by first thresholding the image, binarizing, determining the largest "particle" in the image (the cell), importing that selection as a region of interest, and then extending the area around the cell by dilating to account for cell tractions at the cell periphery [methods similar to those in Chang et al. (76) ]. We performed a single-point force calculation by the Boussinesq solution to Green's function, d = F(1 + ν)/uEπ, where d is the distance in micrometers, F is the force at the cell boundary approximated in our case to be 100 nN, u is the resolution of our measurements taken to be 1 μm, and E is the elastic modulus of the substrate. Following this calculation, the cell area was extended by 16 pixels (1.64 μm) for ∼30-kPa gels and by 8 pixels (0.83 μm) for ∼60-kPa gels.
Mean stress within the cell boundary was "background corrected" for each sample. We determined "background noise" for each sample by measuring the stress magnitude in a 400 × 400-pixel area in the corner of each image (far from the cell). We then subtracted the background mean stress magnitude from the mean stress magnitude underneath the cell to obtain background-corrected values. The mean traction force magnitude within a cell boundary was calculated by multiplying the background-corrected mean stress by the area of the cell boundary.
Live Cell Imaging and Confocal Microscopy on PA Gels. Live-cell imaging was performed at 37°C in DMEM (without phenol red) with 1 g/L sodium bicarbonate, 25 mM Hepes, 10% FBS, penicillin, streptomycin, and kanamycin. Images were acquired using an inverted wide-field epifluorescence microscope (Zeiss Observer Z1; Intelligent Imaging Innovations) fitted with a stage incubator (5% CO 2 in air, 37°C). Imaging was performed using a 63× (0.75 N.A.) or 100× (1.4 N.A.) objective, a filter set for dsRed, an X-Cite 120 Led Illumination source, and a Flash4 LT CMOS camera (Hammamatsu) or an ImageEM X2 EM-CCD camera (Hammamatsu). Images were processed using ImageJ software. Images were background subtracted and contrast was adjusted for presentation in figures only (Figs. 1 A-E, 3A, 4 A-D, and 6A). GFP-LifeAct cells and fixed samples were imaged on a Leica TCS SP8 confocal microscope (Leica Application Suite; Leica Microsystems) fitted with a stage incubator (37°C) used for live imaging of cells expressing GFPLifeAct. Imaging was performed using a 63× oil objective (1.4 N.A.) with 1.5× zoom magnification and a white-light laser. Excitation and emission paths were set to correspond to fluorophores of interest (dsRed, Alexa-488, EGFP, or Alexa-647).
Contact Expansion Studies. MatTek dishes were coated with 150 μg/mL collagen I, and 180,000 MDCK cells expressing E-cadherin:dsRed were plated. Thirty minutes after plating, pairs of cells forming cell-cell contacts were imaged (1 frame per minute) for 15 min (described above), at which time the media in the MatTek dish were replaced with fresh media containing DMSO or the indicated inhibitor. After 90 min, the media containing the inhibitor were removed and the cells were washed with 5 vol of fresh media and imaged for an additional 90 min. Center of mass motion was tracked in FIJI, using the manual tracking plugin.
Hanging-Drop Assay. MDCK cells were plated at low density, and cells were trypsinized, centrifuged, and resuspended at a density of 2.5 × 10 5 cells/mL in media containing 1.8 mM calcium. For "low calcium" experiments, cells were resuspended in media containing 5 μM calcium. Twenty-microliter drops of the cell suspension were placed on 35-mm culture dish lids, which were inverted on top of the dish containing medium and incubated for different times at 37°C. At each time point, drops were triturated 15 times through a 20-μL pipette tip, and 4 μL of 16% PFA was added. The entire sample was mounted on a slide and observed at 40× magnification. Twenty random images were taken throughout the slide and scored by cell cluster size. For some experiments (Fig. 5) , the indicated inhibitors were added at the time of plating the 20-μL droplets on the lid and cells were given a second dose of the inhibitor at the 2.5-h time point. When testing the maintenance of cell clusters (Fig. 7) , cells were plated in droplets in the absence of inhibitors and were dosed with the indicated inhibitors at the 3-h time point.
Measuring Ecad-Fc Binding on the Surface of Gels.
SYPRO Ruby red protein gel stain. Ecad-Fc binding on the surface of functionalized PA gels was quantified using SYPRO Ruby protein gel stain (Molecular Probes). Gels were fixed for 60 min on an orbital shaker in a solution containing 50% methanol and 7% acetic acid. Gels were stained in SYPRO Ruby gel stain overnight on an orbital shaker. Following staining, gels were washed in a solution containing 10% methanol and 7% acetic acid for 30 min, followed by two 5-min washes in ultrapure water. Gels were imaged with a Leica TCS SP8 confocal microscope (Leica Application Suite; Leica Microsystems). Fluorescence intensity at the surface of the gel was quantified in ImageJ.
Anti-E-cadherin antibody staining. Ecad-Fc binding on the surface of functionalized PA gels was quantified using the anti-E-cadherin antibody rr-1 (Developmental Studies Hybridoma Bank, University of Iowa) (38) . Gels were functionalized as described in Preparation and Functionalization of PA Gels. Following Ecad-Fc incubation, gels were blocked with 1% goat serum and purified human Fc and were stained with an anti-E-cadherin antibody (rr-1, 1:100) and fluorescent secondary antibody (1:200). Images were acquired using a Leica SP8 scanning confocal microscope (Leica Application Suite; Leica Microsystems). Fluorescence intensity at the surface of the gel was quantified in ImageJ.
Rac/Cdc42 Pulldowns and Western Blotting. Rac and Cdc42 pulldowns were performed using a pulldown activation assay biochem kit (Cytoskeleton, Inc.) according to the manufacturer's protocol. Briefly, cells were washed with ice-cold PBS and lysed in 50 mM Tris, pH 7.5, 10 mM MgCl 2 , 0.5 M NaCl, and 2% IGEPAL. Samples were centrifuged at 4°C for 1 min, and supernatants were incubated with 20 μg GST-PBD glutathione affinity beads for 1 h at 4°C. Bead pellets were washed in 25 mM Tris, pH 7.5, 30 mM MgCl 2 , and 40 mM NaCl; resuspended in 2× Laemmli sample buffer; and subjected to SDS/PAGE. Samples were blotted for Cdc42 (Cytoskeleton, Inc.) or Rac1 (Cytoskeleton, Inc.), and Western blots were scanned with an Odyssey imager and software (LI-COR Biosciences).
For Western blot of E-cadherin expression, WT MDCKs and MDCKs stably expressing E-cadherin:dsRed were lysed in 2× Laemmli sample buffer and subjected to SDS/PAGE. Samples were blotted for E-cadherin (Cell Signaling) or α-tubulin (Santa Cruz) and scanned with an Odyssey imager and software (LI-COR Biosciences). Table S1 , a gel formulation of 3.1%T, 3.22%C with a predicted elastic modulus of ∼1 kPa was used for these studies. However, the elastic modulus could not be confirmed by AFM due to the probe sticking to the gel. The bar graph represents the average total E-cadherin expression (endogenous + E-cadherin:dsRed) relative to the loading control "tubulin" and normalized to the "WT MDCK" cell condition from three independent experiments. Error bars represent SEM. Statistics were determined using a Student's t test, **P = 0.02, ****P < 0.0001. Statistics were determined using a Kruskal-Wallis test with Dunn's posttest for multiple comparisons, ****P < 0.0001. (H) Representative SIM superresolution images of cells stably expressing E-cadherin:dsRed and stained for actin (phalloidin) on 30-kPa and 60-kPa PA Ecad-Fc gels functionalized with varying concentrations of SS. (Scale bar, 10 μm.) (I) Quantification of E-cadherin puncta per square micrometer represented in a box and whisker format, in which the ends of the box mark the upper and lower quartiles, the horizontal line in the box represents the median, and whiskers outside the box extend to the highest and lowest value within the 1.5× interquartile range. Data shown are cumulative from three independent experiments. (J) Quantification of E-cadherin puncta size represented in a box and whisker format, in which the ends of the box mark the upper and lower quartiles, the horizontal line in the box represents the median, and whiskers outside the box extend to the highest and lowest value within the 1.5× interquartile range. Data shown are cumulative from three independent experiments. For quantification (I and J), five 1-μm 2 regions within cell protrusions were analyzed per cell and at least 10 cells per condition were quantified. Statistics were determined using a Kruskal-Wallis test with Dunn's posttest for multiple comparisons. Shown are AFM measurements indicating the elastic moduli of the gel formulations used in this study. For sample nomenclature, "%T" indicates the total polymer content, and "%C" indicates the cross-linker concentration used during polymerization. For each experiment, 22-30 total indentations were made in five different regions of the gel to account for any heterogeneity, which resulted in a total of 51 measurements for the "5.1%T, 2.91%C" group, 77 measurements for the "10%T, 1%C" group, and 80 measurements for the "10%T, 2.5%C" group. *The gel formulation of "3.1%T, 3.22%C" is expected to have an elastic modulus of ∼1 kPa, but we were unable to determine the elastic modulus of that sample due to the AFM probe sticking to the gel sample. Shown is analysis corresponding with the data presented in Fig. 1 . Values presented are averages and SEM calculated from three independent experiments. Statistics were determined using a Student's t test. The degree of the effect of each inhibitor for each assay is indicated using a +/− system, where "+" indicates an effect and "−" indicates no effect. Degree of effect is indicated by the numbers of +, where "+++" is the greatest effect.
Movie S1. Actin dynamics on a 30-kPa Ecad-Fc PA gel. Shown is an MDCK cell transiently transfected with GFP-LifeAct adhered to a 30-kPa Ecad-Fc PA gel. One image was acquired every 15 s over a 15-min interval 5 h after plating. (Scale bar, 10 μm.) Movie S1
Movie S6. Arp2/3 inhibition and recovery on a 30-kPa Ecad-Fc PA gel. Shown is an MDCK cell stably expressing E-cadherin:dsRed adhered to a 30-kPa Ecad-Fc PA gel. One image was acquired per minute over a 135-min interval 5 h after plating. The first black screen indicates the time at which 100 μM CK666 was added. The second black screen indicates the time at which the inhibitor was washed out. (Scale bar, 10 μm.)
Movie S6
Movie S7. Arp2/3 inhibition and recovery on a 60-kPa Ecad-Fc PA gel. Shown is an MDCK cell stably expressing E-cadherin:dsRed adhered to a 60-kPa Ecad-Fc PA gel. One image was acquired per minute over a 135-min interval 5 h after plating. The first black screen indicates the time at which 100 μM CK666 was added. The second black screen indicates the time at which the inhibitor was washed out. (Scale bar, 10 μm.)
Movie S7
Movie S10. Rac inhibition and recovery on a 30-kPa Ecad-Fc PA gel. Shown is an MDCK cell stably expressing E-cadherin:dsRed adhered to a 30-kPa Ecad-Fc PA gel. One image was acquired per minute over a 135-min interval 5 h after plating. The first black screen indicates the time at which 100 μM NSC23766 was added. The second black screen indicates the time at which the inhibitor was washed out. (Scale bar, 10 μm.)
Movie S10
Movie S11. Rac inhibition and recovery on a 60-kPa Ecad-Fc PA gel. Shown is an MDCK cell stably expressing E-cadherin:dsRed adhered to a 60-kPa Ecad-Fc PA gel. One image was acquired per minute over a 135-min interval 5 h after plating. The first black screen indicates the time at which 100 μM NSC23766 was added. The second black screen indicates the time at which the inhibitor was washed out. (Scale bar, 10 μm.)
Movie S11
